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Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to examine
the ultrastructural changes in bacteria induced by antimicrobial peptides (AMPs). Both the �-stranded
gramicidin S and the �-helical peptidyl-glycylleucine-carboxyamide (PGLa) are cationic amphiphilic AMPs
known to interact with bacterial membranes. One representative Gram-negative strain, Escherichia coli ATCC
25922, and one representative Gram-positive strain, Staphylococcus aureus ATCC 25923, were exposed to the
AMPs at sub-MICs and supra-MICs in salt-free medium. SEM revealed a shortening and swelling of the E. coli
cells, and multiple blisters and bubbles formed on their surface. The S. aureus cells seemed to burst upon AMP
exposure, showing open holes and deep craters in their envelope. TEM revealed the formation of intracellular
membranous structures in both strains, which is attributed to a lateral expansion of the lipid membrane upon
peptide insertion. Also, some morphological alterations in the DNA region were detected for S. aureus. After E.
coli was incubated with AMPs in medium with low ionic strength, the cells appeared highly turgid compared
to untreated controls. This observation suggests that the AMPs enhance osmosis through the inner membrane,
before they eventually cause excessive leakage of the cellular contents. The adverse effect on the osmoregulatory
capacity of the bacteria is attributed to the membrane-permeabilizing action of the amphiphilic peptides, even
at low (sub-MIC) AMP concentrations. Altogether, the results demonstrate that both TEM and SEM, as well
as appropriate sample preparation protocols, are needed to obtain detailed mechanistic insights into peptide
function.

Antimicrobial peptides (AMPs) are produced by most living
organisms as a part of their innate immune system against
bacteria, viruses, and fungi. They tend to be shorter than 45
amino acids, cationic, and amphipathic (20). These features
define their ability to interact with the negatively charged lipids
of bacterial membranes, leading to a destabilization and per-
meabilization of the cell membrane (50), multiple stresses on
membrane proteins (42), and leakage of the cell content (30,
35). Due to the increasing resistance of pathogenic bacteria to
conventional antibiotics and drugs, AMPs are a promising al-
ternative for treating infections. Despite extensive research
over the last decade, the exact mode of action of AMPs is not
yet fully understood. Several models for the interaction of
�-helical AMPs with the membranes, such as “barrel stave,”
“toroidal pore,” or “carpet model,” were postulated (46). All
of these modes of action have in common that in the end the
bacterial membrane is severely damaged, which can lead to the
death of the cells. Over the last several years, increasing con-
sideration was also given to the impact of AMPs on the func-
tion of membrane-associated enzyme systems (42, 55).

The (inner) bacterial cell membrane is responsible for many
essential functions: transport, osmoregulation and respiration
processes, biosynthesis and cross-linking of peptidoglycan, and
synthesis of lipids. It is doubtless that for all these functions
membrane integrity is absolutely necessary, and its disturbance
can directly or indirectly cause metabolic dysfunction and cell
death, besides pore formation per se (42). Observing alter-
ations in bacterial membrane integrity by electron microscopy
(EM) can help to clarify the detailed mechanisms of cell death
at lethal AMP concentrations, but until now only a few AMPs
have been investigated ultrastructurally. For example, perme-
abilization of the outer and inner membranes of Gram-nega-
tive bacteria has been described after exposure to defensins, as
indicated by the leakage of electron-dense material (29). EM
studies of the Gram-positive bacterium Staphylococcus aureus
209P treated with defensins showed mesosome-like structures
and detached cell walls, but only protoplasts were lysed com-
pletely even with small amounts of peptide (47). This obser-
vation suggested that defensins have a stronger impact on the
cytoplasmic membrane than on the cell wall. On the other
hand, incubation of S. aureus ATCC 25923 and NCTC 4163
with other cationic AMPs resulted in thinning (14) or disinte-
gration of the cell wall and in total cell lysis (5), respectively,
which also points to a destabilization of the peptidoglycan layer
by AMPs. The effects of peptidyl-glycylleucine-carboxyamide
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(PGLa), magainin 2, melittin, and Sushi peptides on cell en-
velopes have been imaged by atomic force microscopy (AFM)
of living Gram-negative bacteria in culture medium (12, 30,
35). It was shown that all peptides are lytic toward Escherichia
coli and that especially the polar regions of the cells were
susceptible. Clear alterations of the cell surface structure, e.g.,
change from smooth to rough, decreased surface stiffness, for-
mation of micelles, and total cell rupture, were observed.

Here, we have chosen two representative antimicrobial pep-
tides which have a slight bias for either Gram-positive or
Gram-negative bacteria and which display distinctly different
structures. Gramicidin S (GS) and PGLa are characterized by
a �-stranded and an �-helical conformation, respectively, and
their behavior in model lipid membranes has been thoroughly
investigated by our group using solid-state nuclear magnetic
resonance (NMR) (1–3, 17). To extend the current, quasiato-
mistic picture of these AMPs in terms of their morphological
impact on the native membranes of living bacteria, we have
now used EM to examine the bacterial morphology after treat-
ment with GS and PGLa.

GS is a cyclic decapeptide [cyclo-(d-FPVOL)2], produced by
the rough phenotypes of the soil bacterium Aneurinibacillus
migulanus (formerly Bacillus brevis) (16). It is particularly ac-
tive against Gram-positive bacteria and, to a lesser extent, also
against Gram-negative ones (23), Mycoplasma species (41),
fungi (26), and viruses (9). The MIC against different E. coli
strains lies between 3 and 12.5 �g/ml, and that against S. aureus
lies at 1.5 �g/ml (26). Since GS shows hemolytic activity at 12
to 40 �g/ml (23, 27), its intravenous use is restricted, but local
application is successful for the treatment of acute subcutane-
ous inflammation, infected wounds, and burns (15). The sym-
metric cyclic �-stranded backbone is amphiphilic due to two
basic ornithine side chains on one face and hydrophobic resi-
dues on the other (31). Even though the exact mode of action
of GS is still not clear, NMR studies have shown that the
peptide binds flat onto the cytoplasmic membrane at a low
concentration, and it can realign and assemble into a vertically
inserted oligomer at a higher peptide concentration (1). The
formation of discrete transmembrane pores has been postu-
lated via membrane bending (22), via an assembly of �-barrels
from stacked GS hexamers (18), or via double-stranded helical
channels (31).

PGLa is an �-helical peptide of 21 amino acids (GMASKA
GAIAGKIAKVALKAL-NH2) from the magainin family pro-
duced by the African clawed frog Xenopus laevis. It has an
amphipathic structure due to four basic lysine residues on one
helical face (6), and it can destroy bacteria by interacting with
their lipid membrane (11, 13). PGLa can kill bacteria, viruses,
and fungi (10, 49), and it shows a low 50% hemolytic activity
(HC50) of 165 �g/ml (45). The MIC against various E. coli
strains lies between 10 and 50 �g/ml, and that against S. aureus
lies between 50 and 100 �g/ml (49). NMR studies with ori-
ented model membranes have shown that at low concentra-
tions the PGLa helices are bound to the membrane surface
but that at higher concentrations they dimerize and can tilt
into the membrane, where they assemble into a transmem-
brane oligomeric structure such as a toroidal pore (3).

In the present study, electron microscopy not only could
reveal the direct damage on the bacterial envelope caused by
GS and PGLa, but it also demonstrated a breakdown of the

osmoregulatory capacity of E. coli and showed an effect on the
intracellular DNA region in S. aureus.

MATERIALS AND METHODS

Peptides. GS was extracted from the producer cells of A. migulanus DSM 5759
as described previously (7). PGLa was synthesized at our PepSy labs (KIT,
Karlsruhe, Germany). Both peptides were purified by reversed-phase high-pres-
sure liquid chromatography (HPLC). A highly concentrated stock solution of GS
was prepared in 50% ethanol, and a solution of PGLa was prepared in sterile
demineralized water that had been purified with a Milli-Q Biocel system (Mil-
lipore, Bedford, MA).

Bacteria. Both strains, E. coli DSM 1103 (�ATCC 25922) and S. aureus DSM
1104 (�ATCC 25923), belong to the bacteria used for studying antibacterial
activity according to the German Standard (DIN 58940). They were received
from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ,
Braunschweig, Germany).

Determination of MIC. MIC tests were performed by a standard broth mi-
crodilution assay (4) in microtiter plates from Nunc GmbH & Co. KG (Wies-
baden, Germany) to find out which sub- and supra-MICs should be used to treat
the bacteria for the EM sample preparation. Since a high cell density of about 108

to 1010 CFU/ml is needed to observe EM images, the MIC for each peptide was
also determined with high inoculation doses, 1010 CFU/ml for E. coli and 108

CFU/ml for S. aureus, in parallel with the usually used inoculum dose of 105

CFU/ml. Serial dilutions of the peptides were made in salt-free Luria broth (LB)
medium, containing 10 g/liter tryptone and 5 g/liter yeast extract, but no salts, as
recommended earlier by Kondejewski et al. (28). Test cultures, inoculated with
cells grown overnight, were obtained in standard LB medium with 10 g/liter
sodium chloride by cultivation up to mid-exponential growth phase (E. coli
optical density at 550 nm [OD550], �4.0; S. aureus OD550, �5.5). The cells were
then resuspended in salt-free LB medium for inoculation of microtiter plates.
The wells of the microtiter plates, filled with 50 �l of graded peptide dilutions in
salt-free LB medium, were then inoculated with 50 �l of the test organism up to
the desired inoculation density. After incubation at 37°C for 20 h, the MIC was
taken as the lowest concentration at which no growth was observed.

Preparation of cells for SEM. Bacteria of the mid-exponential growth phase
were diluted with salt-free LB medium to the cell density mentioned above and
treated accordingly with sub- and supra-MICs of GS or PGLa (see Table 1) for
1 h at 37°C. Untreated controls were prepared both in standard and in salt-free
LB medium. For samples on silicon supports (Plano, Wetzlar, Germany), the
bacteria were fixed with 2% glutaraldehyde, washed and resuspended in water,
and then deposited onto silicon platelets as a 1-�l droplet. For samples on
membrane filters, 10 �l of the treated cell suspension was placed onto a 0.45-
�m-pore-size membrane filter (Schleicher & Schuell, Dassel, Germany), fixed
for 1 h with 2% glutaraldehyde, washed, and postfixed with 1% (E. coli) or 0.2%
(S. aureus) OsO4. The samples were dehydrated with graded ethanol series,
including en bloc staining with 3% uranyl acetate in 30% ethanol, and then air
dried. For washing and dilution of fixing reagents, 0.15 M sodium phosphate
buffer (pH 7.2) was used. All reagents used were EM grade and purchased from
Polysciences (Eppelheim, Germany). A small amount of platinum was sputtered
on the samples to avoid charging in the microscope. Microscopy was performed
with a Zeiss Supra 55VP (Oberkochen, Germany) microscope. Secondary elec-
tron images were taken at low electron energies between 2 keV and 2.5 keV.

Preparation of cells for TEM. Bacteria for TEM samples were grown and
incubated with AMPs as described above for SEM sample preparation. Controls
were prepared also in standard and in salt-free LB medium. Cell pellets were
obtained from 10 ml of each control or treated cell suspension and fixed with
glutaraldehyde and OsO4 as described above. The same buffers and dehydration
protocol were used, followed, however, by graded acetone series and embedding
in epoxy resin (Embed-It low-viscosity epoxy kit; Polysciences). Ultrathin sec-
tions were prepared on Formvar-coated grids (Plano, Wetzlar, Germany) and
stained with 3% uranyl acetate. Microscopy was performed with a Zeiss 912
Omega (Oberkochen, Germany) microscope at 120-keV electron energy. To
optimize the contrast, zero-loss energy filtering (43) was applied.

RESULTS

MIC values at different initial cell densities. The cell density
has to be sufficiently high for high-magnification EM imaging.
To identify the appropriate sub- and supra-MICs for these
experiments, it was necessary to compare the MIC at standard
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inoculation cell density with an approximately 100-fold-higher
concentration. The results of these determinations are given in
Table 1, showing that MIC values were increased 2-fold for E.
coli and 4- to 8-fold for S. aureus. The corresponding sub- and
supra-MICs for incubating the bacteria with GS and PGLa are
presented in Table 1. Since S. aureus is more susceptible to GS,
we had to treat S. aureus with concentrations of GS 2-fold
lower than those for E. coli. The activities of PGLa against the
strains are more similar, so we used the same concentrations to
treat the two strains for TEM and SEM on silicon platelets and
a 2-fold-lower concentration for SEM on membrane filters.

Scanning electron microscopy. The untreated E. coli cells,
prepared for SEM micrographs in standard LB medium, were
about 3.5 �m long and displayed a smooth and intact surface
(Fig. 1A and 2A). The surface of the cells in medium with low
ionic strength looked corrugated, and there were some dimples
in these cells, but their average length remained unaltered
(Fig. 1B and 2B). After incubation with sub- or supra-MICs of

TABLE 1. MICs at different initial cell densities and
peptide concentrations used for TEM and SEM

sample preparation

MIC

Concn (�g/ml)a

E. coli S. aureus

GS PGLa GS PGLa

MIC under standard cell densityb 8 16 1 8
MIC at high cell density suitable for EMc 16 32 8 32
Sub-MIC for TEM 8 20 4 20
Supra-MIC for TEM 40 100 20 100
Sub-MIC for SEM on silicon platelets 8 20 4 20
Supra-MIC for SEM on silicon platelets 40 100 20 100
Sub-MIC for SEM on membrane filter 8 10 4 10
Supra-MIC for SEM on membrane filter 40 50 20 50

a GS, gramicidin S; PGLa, peptidyl-glycylleucine-carboxyamide.
b For E. coli, OD670 was 0.001, and for S. aureus, OD670 was 0.002.
c For E. coli, OD670 was 0.1, and for S. aureus, OD670 was 0.3.

FIG. 1. SEM micrographs of untreated E. coli on membrane filters. In isotonic medium the cells are long and intact (A), whereas under
low-salt conditions the surface of the bacteria looks corrugated (B). After AMP treatment with a sub-MIC (C) (8 �g/ml) or a supra-MIC
(D) (40 �g/ml) of GS and with a sub-MIC (E) (10 �g/ml) or a supra-MIC (F) (50 �g/ml) of PGLa, the cells look shorter and more compact.

3134 HARTMANN ET AL. ANTIMICROB. AGENTS CHEMOTHER.



both AMPs, however, the bacteria shortened to as little as 1
�m and significantly increased their compactness in both SEM
preparations—on membrane filters and silicon platelets (Fig.
1C to F and 2C to F)—indicating that E. coli was not able to
grow to maximum length. Along with the dimples on the sur-
face of the control cells in low-salt medium, single blisters were
observed after exposure to the sub-MIC of GS and both con-
centrations of PGLa (Fig. 2C, E, and F). Multiple blisters of
various shapes on the cell surface were seen in the prepara-
tions on silicon after incubation with the supra-MIC of GS.
The latter concentration induced the protrusion of numerous
small bubbles of a few nanometers in size, which could be seen
only in regions not covered with platinum (Fig. 2D).

In the control samples of S. aureus in LB medium with and
without sodium chloride, the cells looked round and undam-
aged (Fig. 3A and B). After incubation with a sub-MIC of GS,
some bacteria had holes in their cell wall (Fig. 3C), while a

supra-MIC caused multiple dents (Fig. 3D) and lysed many
cells (data not shown). After treatment of S. aureus with a
sub-MIC of PGLa, we found some bacteria on the membrane
filter preparations that had burst with deep craters in their cell
wall (Fig. 3E), while at a supra-MIC numerous lysed cells and
cell debris were observed (Fig. 3F).

Transmission electron microscopy. Untreated cells of E. coli
in standard LB medium showed a normal cell shape with an
undamaged structure of the inner membrane and an intact,
slightly waved outer membrane. The periplasmic space was
thin and had a uniform appearance (Fig. 4A). E. coli cells in
medium with low ionic strength were characterized by an in-
creased electron density of the cytosol. The periplasmic space
of these cells looked hyperhydrated, but the inner and outer
membranes remained intact (Fig. 4B). After incubation with a
sub-MIC of GS, we observed the formation of additional mem-
branous structures in the polar cell regions (Fig. 4C). At a

FIG. 2. SEM micrographs of untreated E. coli on silicon platelets. In isotonic medium the cells are long, intact, and evenly shaped (A), whereas
in hypotonic medium their surface looks corrugated (B). After AMP treatment, the cells appear shorter and more compact (C to F). When
incubated with a sub-MIC (C) or a supra-MIC (D) of GS and with a sub-MIC (E) or a supra-MIC (F) of PGLa, the cells show blisters on their
surface, close to the polar and septal regions. When treated with a supra-MIC of GS, the bacteria additionally show small protruding bubbles on
their surface (D).
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supra-MIC, numerous bubbles were found to protrude from
the outer cell membrane as noted also in the SEM sample, and
the periplasmic space was completely filled with electron-dense
material from the cytosol (Fig. 4D). No damage of either the
inner or outer membranes was detected after treatment of E.
coli with a sub-MIC of PGLa (data not shown). After incuba-
tion with a supra-MIC of PGLa, additional membranous struc-
tures were seen in the polar regions of E. coli (Fig. 4E1), and
the periplasmic space had filled with electron-dense material
(Fig. 4E2). In all cases the E. coli cells appeared turgid after
AMP treatment, and no hyperhydration of the periplasm could
be observed (Fig. 4C to E2).

TEM micrographs of S. aureus in standard (Fig. 5A) and in
salt-free (Fig. 5B) LB medium showed round, proliferating
cells with intact cell walls and well-defined membranes. The
intracellular DNA region displayed a heterogeneous electron
density. After incubation with AMPs, however, the cytoplasm
revealed a more uniform electron density. At a sub-MIC of GS,

numerous spherical double-layered mesosome-like structures,
as well as spherical non-membrane-enclosed bodies containing
an electron density similar to that of the septal cell wall layer,
could be observed in the cytoplasm (Fig. 5C1 and C2). Meso-
some-like structures could also be seen at a sub-MIC of PGLa
(Fig. 5D). For a supra-MIC of GS no alterations except for the
uniform electron density in the DNA region of S. aureus were
detectable in comparison to the control (data not shown). At a
supra-MIC of PGLa we observed many lysed cells (Fig. 5D).

DISCUSSION

Cationic amphiphilic antimicrobial peptides are electrostat-
ically attracted by the negatively charged bacterial surface lay-
ers (32), and they get embedded into the hydrophobic regions
of the lipid membranes, thereby causing membrane damage
and disintegration. Accordingly, a three-step model has been
suggested by atomic force microscopy (30), where first the

FIG. 3. SEM micrographs of untreated S. aureus on membrane filters. In isotonic (A) and hypotonic (B) medium, the cells are round and intact.
After treatment with a sub-MIC of GS, some holes in the cells can be seen (C), while cells incubated with a supra-MIC of GS show dents (D).
After treatment with a sub-MIC of PGLa, some deep craters and burst cells are observed (E), and after incubation with a supra-MIC of PGLa,
some completely lysed cells are found (F).

3136 HARTMANN ET AL. ANTIMICROB. AGENTS CHEMOTHER.



outer membrane of Gram-negative bacteria is damaged, fol-
lowed by permeabilization of the inner one and finally the total
disintegration of both, causing leakage of the cytoplasmic con-
tents. Our electron microscopy study has demonstrated that

the impact of antimicrobial peptides on the bacterial cell
passes through several stages, depending on the cell type, the
peptide, and its concentration. After treatment of representa-
tive strains of the Gram-negative species E. coli (DSM 1103)

FIG. 4. TEM micrographs of untreated E. coli. In isotonic medium the inner and outer membranes are visible as continuous structures (A),
and in hypotonic medium both membranes are still intact but the periplasmic space is swollen due to hyperhydration (B). After treatment with a
sub-MIC of GS, some intracellular membrane stacks are formed near the polar regions of the cells (C), while a supra-MIC of GS causes the
periplasmic space to be filled with electron-dense material and numerous bubbles protrude from the cell surface (D). After treatment with a
supra-MIC of PGLa, the cells contain additional membranous structures (E1), both membranes show interrupted stretches, and electron-dense
material has accumulated in the periplasmic space (E2). None of the bacteria treated with AMPs show any sign of hyperhydration (C to E2).
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and the Gram-positive species S. aureus (DSM 1104) with sub-
and supra-MICs of PGLa or gramicidin S, several distinct signs
of damage to the cell envelope were clearly observed in the
SEM and TEM micrographs, such as blisters, protruding bub-

bles, membrane stacks, mesosomes, deep craters, and burst
cells.

The appearance of blisters has been previously reported for
the SMAP29 and PGYa peptides, which belong to the cathe-

FIG. 5. TEM micrographs of untreated S. aureus. In isotonic (A) and hypotonic (B) medium, the cells are round and intact, with a well-defined
cell membrane. The intracellular DNA region exhibits a highly inhomogeneous electron density. After treatment with a sub-MIC of GS (C1) or
PGLa (D), some mesosome-like structures are formed and non-membrane-enclosed bodies can be seen at a sub-MIC of GS (C2). Incubation with
a supra-MIC of PGLa shows some completely lysed cells (E).
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licidin family (48, 51), and for isoforms of the HE2 peptide,
which are similar to �-defensins (56). It was suggested that the
positively charged AMPs can substitute for the Mg2� ions in
the lipopolysaccharide layer on the outer membrane of Gram-
negative bacteria and thereby destabilize the outer surface
(12). Such destabilization of the outer membrane would pro-
mote the penetration of AMPs and lead to a local disruption of
the inner membrane, so that cytoplasmic material locally fills
the periplasmic space. This causes the formation of blisters
without disrupting the outer membrane. Our SEM images of
E. coli incubated with a sub-MIC of GS or with sub- and
supra-MICs of PGLa revealed such blisters on the cell surface,
located mostly at the polar and septal regions (Fig. 2). This
location may be explained by the preferential interaction of
AMPs with negatively charged cardiolipin-rich domains, which
have been visualized right at the polar and septal membrane
regions of E. coli cells (38). Our TEM images of these cells
treated with supra-MICs of both peptides—GS and PGLa—
confirm the interaction of the peptides with the inner mem-
brane, its disruption at the polar regions, and leakage of cyto-
plasm into the periplasmic space (Fig. 4D and E). The same
topography of cell lesions at the polar ends and septal areas
has been reported in an AFM study of E. coli with PGLa (35).

A critical alteration of the outer membrane was seen in our
study only for a supra-MIC of GS, as the SEM images showed
multiple small and a few large bubbles on the surface of E. coli,
and TEM revealed numerous regularly distributed protrusions
from the cell surface. AFM topography images of the E. coli
strains 363 from the Pasteur Institute (12) and HB101 (35)
treated with PGLa have been described in terms of a disinte-
gration of the outer membrane into micelles and vesicle-like
bodies, as well as larger cell lesions. In contrast, our EM
observations support this possibility only for GS, not for PGLa.
This differing observation suggests a higher efficiency of GS
than of PGLa against E. coli DSM 1103 (Fig. 2D and 4D), and
it indicates a difference in strain susceptibilities to various
AMPs. However, a discrepancy in the terminology describing
alterations of the cell surface by AFM and SEM (bubbles,
micelles, and vesicle-like structures) is apparent, because nei-
ther method can determine whether these bubbles possess
bilayer, monolayer, or disintegrated structures. Only via TEM
did the ultrathin sections of E. coli cells treated with a supra-
MIC of GS (Fig. 4D) allow us to determine that the protuber-
ances had a continuous lamellar connection to the outer mem-
brane.

Another significant impact of AMPs on E. coli was evident
from the appearance of additional membrane structures in the
polar regions at a sub-MIC of GS and a supra-MIC of PGLa
(Fig. 4C and E). Given that the amphiphilic peptides get em-
bedded in the lipid bilayer, a significant lateral expansion of the
membrane area must occur upon binding and insertion of the
AMPs (21). A concomitant membrane thinning, leading to
further lateral expansion, has been described by micropipette
aspiration, the single giant unilamellar vesicle (GUV) method,
X-ray diffraction, and 31P and 2H solid-state NMR (33, 34, 52,
54). To accommodate this additional membrane area within
the confined space of the cell wall, the formation of folded
membrane stacks (in E. coli) and of mesosome structures (in S.
aureus; see below) is a simple physicochemical consequence. It
is important to note at this point that in a MIC assay the typical

amount of AMPs needed to kill a bacterium is comparable to
complete coverage of the cell surface (8, 36). Even though it is
clear that not all these peptides will be bound to the inner
membrane, the comparatively high number of molecules re-
quired for action will certainly have a significant impact on the
lipid bilayer integrity and asymmetry (Shai-Matsuzaki-Huang
model) (57) even under the sub-MIC conditions employed
here.

Along the same lines, we can explain the adverse effect of
even low AMP concentrations on the osmoregulatory capacity
of the cells, which is evident from this TEM and SEM study. To
avoid electrostatic screening by NaCl in LB medium, bacteria
are commonly treated with AMPs in salt-free medium (28, 53).
For comparison, we performed controls without AMPs in stan-
dard as well as in salt-free LB medium. These images showed
no damage to the bacteria from the lack of salt but a distinct
response to the osmotic gradient. Whereas the outer mem-
brane of untreated E. coli in standard medium was slightly
waved and the periplasmic space was uniformly distributed
(Fig. 1A, 2A, and 4A), the control cells in salt-free medium
possessed a hyperhydrated periplasm, an electron-dense cy-
tosol, and several dents in the surface (Fig. 1B, 2B, and 4B).
Even though the incubation with AMPs was done in salt-free
medium, it is remarkable that the periplasmic space was not
hyperhydrated, as the inner membrane was lying close to the
outer membrane and all treated cells looked highly turgid (Fig.
4C to E). This appearance was even visible for a sub-MIC of
PGLa in TEM, where we did not find any local cell lesions
(data not shown) although the SEM images revealed several
blisters (Fig. 2E). Moreover, a smoothing of the cell surface
was demonstrated by SEM (Fig. 1 and 2) after incubation with
either AMP, especially with a supra-MIC of GS, which con-
firms the highly turgid state of the cells seen in TEM. These
observations clearly point to a breakdown of the osmoregula-
tory capacity of the bacteria.

In Fig. 6 we illustrate the impact of the AMPs on the osmo-
regulation of the cells, when they are exposed to low-salt me-
dium such that water will flow into the cytosol (Fig. 6B). When
the cells start to swell, mechanosensitive channels in the inner
membrane will open and release water, solutes, and ions into
the periplasm, to avoid bursting (39, 40). It is known that E.
coli and other Gram-negative bacteria respond to osmotic
downshock by increasing the production of negatively charged
membrane-derived oligosaccharides (MDO) and accumulating
them in the periplasmic space (24) (Fig. 6C). The MDO mol-
ecules thus reduce the osmotic pressure difference across the
inner membrane and can act as a kind of hydrogel, which binds
the cations and water. Cells in salt-free medium therefore show
a dark cytoplasm and a wide periplasmic space, similar to
plasmolysis in hypertonic media (25, 37) (Fig. 4B). In our
AMP-treated cells, however, the osmoregulation is evidently
repressed, because the cells looked turgid and the periplasmic
space was very thin (Fig. 1C to F, 2C to F, 4C to E, and 6D).
This suggests that the AMPs are able to short-circuit the os-
moregulatory response of E. coli, by rendering the inner mem-
brane leaky. Again, this effect can be simply attributed to the
insertion of the amphiphilic peptides into the lipid bilayer,
which induces local defects in lipid packing and causes en-
hanced permeability even at a low AMP concentration. As a
result of the increased influx of water into the cytoplasm, the
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turgor pressure increases and the cell is no longer able to
compensate for it. This interpretation is in full agreement with
the observed dissociation between the initial membrane per-
turbation and the ultimate cell death (19, 55). For instance,
Pseudomonas aeruginosa is relatively resistant to GS, but a
rapid depolarization of the cytoplasmic membrane has been
observed by the reduction in di-SC35 fluorescence even at low
concentrations where no killing occurs (58). Eventually, at a
high peptide concentration a rupture of the cytoplasmic mem-
brane leads to leakage of cytoplasmic material into the
periplasmic space, as seen in our images described above. Both
the inner membrane leakage and the outer membranous pro-
tuberances around the cells at a supra-MIC of GS are evidence
of an extreme turgor pressure.

On the basis of our results, we propose the following mul-
tistage model for the interaction of AMPs, such as GS and
PGLa, with the cell surface of Gram-negative bacteria: (i) the
outer membrane is destabilized and penetrated; (ii) the pep-

tides bind to cardiolipin-rich domains in the polar and septal
regions of the inner membrane; and (iii) (a) a low AMP con-
centration (a sub-MIC) merely induces leakage of the inner
membrane, which under low-salt conditions interferes with the
osmoregulation of the cells; (b) higher peptide concentrations
lead to local disruption of the inner membrane and the release
of cell content into the periplasmic space, which causes the
formation of blisters; and (c) an even higher concentration (a
supra-MIC) results in a disintegration of the outer membrane
and complete cell lysis.

Also in the case of the Gram-positive S. aureus cells, TEM
showed differences in the control samples and AMP-treated
bacteria. While the control cells displayed a DNA region with
high contrast in electron density, the cytoplasm of treated cells
had a homogeneous appearance. This observation suggests an
influence of both peptides on DNA replication and transcrip-
tion. Indeed, an upregulation of important cell activities has
been previously observed in AMP-treated S. aureus by tran-

FIG. 6. Illustration of the cellular response to osmotic downshock in the absence and presence of AMPs. (A) Cell in isosmotic medium; (B) cell
shortly after osmotic downshock; (C) healthy cellular response to water influx; (D) cell incapable of osmoregulation after AMP treatment, which
renders the inner membrane inherently leaky due to peptide binding. IM, inner membrane; OM, outer membrane; PG, peptidoglycan; PS,
periplasmic space; MDO, membrane-derived oligosaccharides.
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scriptional analysis, with regard to efflux pumping, aerobic
energy generation, and cell wall and lipid biosynthesis (42).
Our TEM images clearly show an interaction of the peptides
with the lipid bilayer of S. aureus, attributed to peptide inser-
tion and lateral expansion of the membrane area. We observed
a bloating and spreading of the cytoplasmic membrane already
at a sub-MIC of GS and PGLa (Fig. 5C2 and D). The budding
of spherical mesosomes as intracellular bilayered membranes
was revealed at sub-MICs of GS and PGLa (Fig. 5C1 and D),
like those shown by Shimoda et al. (47) after incubation with
defensin. Additionally, some large non-membrane-enclosed
bodies with an electron density similar to that of the septal
murein layer were seen in S. aureus cells at a sub-MIC of GS
(Fig. 5C2). In coccoid cells like those of S. aureus, it is known
that new peptidoglycan is inserted only at the division septum
(44). We may thus speculate that exposure to sub-MICs of GS
leads to an accumulation of peptidoglycan and teichoic acid
precursors, which are synthesized in such bodies in the cyto-
plasm under conditions where the translocation of lipid-linked
precursors from the cytoplasmic side to the outer side of the
membrane is disturbed. Furthermore, several dents, holes, and
craters were seen on the surface of bacteria incubated with GS
or PGLa when they were prepared on a filter paper and ob-
served with SEM, indicative of a mechanical rupture of the
membrane and cell wall.

Conclusions. This study demonstrates that both SEM and
TEM are needed as complementary techniques to gain insight
into AMP action, by revealing not only cell surface effects but
also intracellular alterations. Furthermore, certain details of
the sample preparation procedure can influence the visualiza-
tion results. Here we describe for the first time a new protocol
for depositing bacteria on silicon platelets by means of direct
fixation, without a dehydration step, which allowed us to detect
blisters in the polar and septal regions of E. coli. On the other
hand, preparations of S. aureus on a membrane filter worked
best to reveal holes and deep craters on the surface of lysed
cells, as the bacteria were first brought onto the support before
fixation and dehydration.

Comprehensive EM analysis allowed us to visualize the idea
that AMPs cause multiple stresses on the membranes of E.
coli. Even at low concentrations, GS and PGLa can permeab-
ilize and penetrate the outer membrane by replacing divalent
cations. Insertion of the peptides into the inner membrane
leads to a lateral expansion of the lipid bilayer, which becomes
folded into membranous stacks near the polar regions of the
cell. At the same time, peptide binding destabilizes the inner
membrane and makes it leaky, so that in medium with low
ionic strength the cells lose their capability to regulate the
turgor pressure. Remarkably, only a supra-MIC of GS caused
a visible disintegration of the outer membrane leading to the
appearance of regular protruding bubbles. In the case of S.
aureus, intracellular membrane-enclosed mesosome structures
are formed, presumably also to compensate for the area in-
crease of the cell membrane upon peptide binding.
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